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Abstract
Offshore operators understandably seek to operate remotely operated vehicles (ROVs) for as long as possible and in the widest range
of sea conditions. Accurate predictions of the hydrodynamic loads are important at the design stage as well as in operation, particularly
during the launch and recovery phases when snatching of the tether may occur. There is some speculation that calculation methods
currently advocated in guidelines lead to an over-estimation of the hydrodynamic forces and consequently to unduly restrictive
operability constraints. The present paper has measured wave forces on a 1/8 scale model of a widely used ‘workclass’ ROV, as well as on
a solid box of similar envelope dimensions, and compared these against Morison’s equation using coefficients derived from three
methods. It is concluded that simple linear theory using total (substantive) derivatives, together with a Morison coefficient CmE1.5, can
provide good estimates of the loading even in waves of quite high steepness, perhaps for height-to-wavelength ratios up to 0.08; i.e., in
practice, up to wave breaking.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The classical, linear approach for determining force
coefficient data is based on the duality of forces measured
on bodies forced to oscillate in otherwise calm water (the
radiation problem) and on bodies held fixed in waves (the
diffraction problem). This holds good in practice except for
shallow depths of submergence, when the top of the body
lies within approximately the wave height H or the vertical
dimension D of the body beneath the wave surface. Here,
the use of linear theory becomes questionable. Moreover, a
Morison-type equation using constant coefficients coupled
to a higher-order wave theory, such as Stokes fifth-order
(Stokes V), does not always give an accurate estimate of the
maximum and minimum forces per wave cycle (Sayer,
1996). A reliable and preferably easy-to-implement method
would be helpful so that tether loads, including the
occurrence of snatching and slack wire, might be accurately
predicted.
An improved understanding of the nature of the
hydrodynamic loads can lead to improved safety. Much
reliance at present is based on estimating hydrodynamic
loads via Morison’s equation and standard coefficients
(e.g., classification society guidelines: ABS, 2002; DNV,
2004) in an attempt to ensure that the resultant forces on
remotely operated vehicles (ROVs) (or subsea units)
and in the tethers lie within acceptable limits. It was,
therefore, felt appropriate to review and evaluate existing
calculation methods and data, and to consider some new
approaches.
Prior to the commencement of the present study, little
hydrodynamic data were available for bluff-body geome-
trical shapes, typical of ROVs or modular subsea units,
operating in the wave-affected zone; most were based on
classical 2-D geometries or limited to simple 3-D shapes.
There are difficulties and uncertainties in extrapolating to
other configurations or operating conditions. Furthermore,
most methods and data do not correctly account for the
effects of operating close to the air/sea interface or the non-
linear kinematics due to steeper waves in operation-limiting
sea-states.
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2. Approach
Two particular aspects are worthy of consideration.
First, in the case of ROVs and similarly sized subsea units,
the Keulegan–Carpenter number KC is sufficiently small
that drag may be neglected in the near-surface wave zone;
and therefore, the wave loading may be accurately
predicted using the inertia term of Morison’s equation.
Industry guidelines currently incorporate only a limited
database of hydrodynamic coefficients for use with
linear and higher-order (generally Stokes fifth-order)
wave theories. The recommended coefficients are usually
independent of frequency and are in fact the values
for deep submergence (equivalent to infinitely high
frequencies).
Second, our previous research had indicated asymmetry
in the vertical loading near the free surface, which had
already been postulated by Sarpkaya and Isaacson (1981).
Other wave theories were also considered, including the
stream function approaches of Dean, extended by Fenton
(1985), and the fully non-linear method of Cokelet (1977).
Fenton’s method was selected for the present study, with
wave steepness Ka (or, equivalently, height-to-wavelength
ratio H/l ¼ Ka/p) as the perturbation parameter; this
method is accurate for all values of H/l considered in the
present experiments and it benefits from considerable
numerical simplification, especially the need to solve just
one non-linear equation at the first step. The customary
deep-water criterion (water depth 4l/2) was satisfied even
at the longer wavelengths of the present experiments;
therefore, the fifth-order potential, unlike the expression
for the wave profile itself, contains only the first three
harmonics.
Ananthakrishnan (1998) undertook a 2-D numerical
simulation of the non-linear wave loading on a rectangular
horizontal cylinder lying just beneath the free surface. His
results agree qualitatively with our own 3-D findings,
including clear demonstration of a net upward force.
Although numerical wave tank models are becoming
increasingly feasible, an alternative approach is to recom-
mend a modification of existing prediction methods based
on a more widely understood and easily implemented
combination of theory, experiment and empiricism.
Our emphasis has been directed towards a more accurate
prediction of the wave loading on ROVs and box-like
objects in steeper waves, namely H/l41/40, for which
linear theory becomes imprecise and of dubious validity.
Now, for many offshore operations, sea-state 6 is taken as
a limiting condition; this implies a significant wave height
of around 5m (see, e.g., Faltinsen, 1990); the wave
steepness is important in determining the appropriate wave
theory. Experiments were undertaken to cover a range of
‘steep’ waves, corresponding to full-scale wave periods
between 5 and 12 s, with wave heights up to 5m, satisfying
0.025oH/lo0.090 (equivalently, 0.08oKao0.28).
The selection of experiments also took into account
(i) the availability of a simplified 1/8 scale model of a Super
Scorpio ROV and some previously acquired data (although
for more moderate sea conditions); the basic geometrical
features of this ROV are still representative of more
modern designs (and it is hoped, in a future paper, to
consider the extrapolation of the present results to some-
what larger units, such as the HYSUB-250 and small
subsea modules, having lengths around 5m); and (ii) the
need to compile a more comprehensive database covering
the relevant wave frequencies for simple geometrical shapes
such as a rectangular box, and other elementary shapes
that form the databases widely used in classification society
guidelines. A square-section rectangular box was also
tested, having rounded edges and the same overall envelope
dimensions as the ROV model. It was possible to cover a
range of KC numbers 0oKCo5 (based on the shortest
dimension of the models) while satisfying the accuracy
tolerances of the instrumentation. The experiments were
conducted in a tank of dimensions 93m 7m 2.2m, with
a hinged-flap wavemaker at one end. Two sets of
experiments were conducted; Fig. 1 shows a schematic of
the facility. In the first (EXP1), the model was suspended
from a loadcell and its movements were measured by a
linear voltage displacement transducer. The forces were
then compared to those when the model was held fixed
(EXP2). There was no significant difference in the vertical
force readings. For the second set, therefore, the model was
rigidly supported above the water and the wave forces and
moments were measured by a considerably more accurate
six degrees-of-freedom loadcell, rated to 1 kN with an
accuracy of 71.5N. Instrument calibration, signal-to-
noise ratio and repeatability of experiments showed a
maximum error of 5% in the measured data.
Three depths of submergence were investigated: the top
of the models placed horizontally at the undisturbed water
level, and at depths D and 2D beneath this datum. The
dimensions of the envelope of the models were
DD 1.5D, with rounded edges of radius 0.05D; for
the 1/8 scale Super Scorpio model D ¼ 225mm; the
Morison coefficient Cm (Cm ¼ 1+Ca, where Ca is the
added-mass coefficient) is approximately 10–15% smaller
than for a sharp-edged body. To provide a phase resolution
to within 11, the data were sampled at a frequency of
247Hz with a 30Hz cut-off frequency.
Estimates of Cm were calculated by two methods, in line
with Wolfram and Naghipour (1999): (i) a weighted least
squares method applied to all the sampled force data; (ii) a
simple estimate based only on peak values. [In some cases,
both Cm and the corresponding drag coefficient Cd were
calculated in order to assess the accuracy of the assumption
that the inertia force is dominant for the range of KC
values in the experiments; Dean’s reliability ratio (Fenton,
1985) was used to assess the conditioning of the data]. Four
theoretical approaches were evaluated: linear and Stokes V
theories, each using local and total (substantive) deriva-
tives. The focus was on the vertical hydrodynamic loads, as
these are usually of more importance in practice: ai(t)
and vi(t) denote the vertical components of acceleration
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and velocity respectively; V0 and V(t) denote the mean and
instantaneous immersed volumes of the body (relative to
the undisturbed water level).
(i) Linear local
F1ðtÞ ¼ rCmV0a1ðtÞ þ 12rA0Cdv1ðtÞjv1ðtÞj þ rgV ðtÞ
(ii) Linear total
F^1ðtÞ ¼ rCmV0a^1ðtÞ þ 12rA0Cdv1ðtÞjv1ðtÞj þ rgV ðtÞ
(iii) Stokes V local
F5ðtÞ ¼ rCmV0a5ðtÞ þ 12rA0Cdv5ðtÞ v5ðtÞ
  þ rgV ðtÞ
(iv) Stokes V total
F^5ðtÞ ¼ rCmV0a^5ðtÞ þ 12rA0Cdv5ðtÞjv5ðtÞj þ rgV ðtÞ
where the vertical accelerations and velocities are defined as
aiðtÞ ¼
qvi
qt
a^iðtÞ ¼
Dvi
Dt
¼
qvi
qt þ ui
qvi
qx þ vi
qvi
qz
uiðtÞ ¼
qfi
qx
viðtÞ ¼
qfi
qz
and fi is the velocity potential of the incident wave, with
the subscript indicating the order of the wave theory. The
above expressions, essentially Morison’s equation using
different orders of wave theory for the velocity and
acceleration, were then equated to the measured forces by
the following three methods:
(I) Fixed coefficient
In this method, widely published (fixed) values of
Cm and Cd were used, specifically those proposed by
classification societies, with the objective of a simple
comparison between estimated forces and measured
data. In other words, the above four expressions for
Morison’s equation, using different orders of theory
for the velocity and acceleration, were compared with
the measured force.
(II) Least squares
The method of least squares can be used to
generate the following expressions for the inertia
and drag coefficients:
[The summations were each undertaken over N
measured force records, according to the sampling
rate noted previously, Cd,least was considered only for
assessing the accuracy of the data-fitting method].
(III) Peak load
In view of the small values of KC, the drag force
was neglected and all non-linearities attributed to the
inertia force. This leads to two trivial estimates of Cm
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Fig. 1. Experimental setup.
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based on the maximum measured upward and
downward forces:
Cm;up ¼
½FmeasðtÞ þ rgVdðtÞup
rV 0aup
and
Cm;down ¼
½FmeasðtÞ þ rgVdðtÞdown
rV0adown
where Vd(t) is the instantaneous unwetted volume of
the body.
3. Results and discussion
For both ROV and box models, examination of the force
spectra and the phase differences between wave and force
profiles showed clear evidence of non-linearities, primarily
a steady component and a second harmonic; in addition,
some higher harmonics, but of considerably smaller
magnitudes, were seen for the higher values of wave
steepness.
In many calculations, the local acceleration is used to
compute the inertial part of Morison’s equation. However,
as noted earlier, Sarpkaya and Isaacson (1981) used the
total derivative and the classical results of Havelock (1963)
to compare these values with the ‘conventional’ Morison
approach. Continuing along these lines the present study
compared the inertia force predictions using both local and
total accelerations for Stokes linear, second-order and
fifth-order waves.
By using mean values of these force coefficients, time-
series were reconstructed and compared against the
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Fig. 3. Maximum upward force predictions compared to measured forces, using mean value Cm ¼ 1.5.
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Fig. 2. Maximum downward force predictions compared to measured forces, using mean value Cm ¼ 1.5.
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measured force records. The results obtained from these
methods indicate a net upward force (Figs. 2 and 3) the
magnitude of which increases with wave steepness; this
arises mathematically from the inclusion of the convective
terms in the fluid acceleration. As a function of depth of
submergence, it was observed that the maximum steady
upward force occurred when the top of the model remained
completely submerged during the whole wave cycle, rather
then at the mean undisturbed water level where only partial
submergence occurred. This has implications to tether
slack/snatch and is mentioned again below.
Although the peak-value method did yield some accurate
results, its overall performance against the various wave
theories proved to be inconsistent and so we cannot
recommend its use. Nevertheless, it was observed that these
predictions consistently under-estimated the measured
force; this also may have relevance to launch and recovery
operations in practice.
The least-squares method proved to be rather more
successful, particularly when using the total derivative with
fifth-order Stokes theory. [The maximum downward forces
were generally over-predicted by some 10%]. Moreover,
use of the total derivative, even using linear theory, often
gave closer agreement with measured results than when
using the local derivative based on fifth-order theory.
Indeed, there was little difference between the total
derivative predictions of linear and fifth-order theories
and likewise between the corresponding local derivative
predictions; the former, however, gave noticeably better
agreement with the measured forces (Figs. 2 and 3). For the
highest waves tested (close to a wave steepness ratio of
H/lE1/12), the discrepancies between predicted and
measured forces not surprisingly increased; however, the
use of higher-order Stokes theory did not appear to offer
worthwhile improvements in the predictive accuracy of the
forces. This lends support to the observed absence in the
force spectral records of any significant harmonic beyond
the second. The products of first-order terms in the
convective acceleration contribute most to the improved
accuracy of the present predictions.
The inertia coefficient Cm for the ROV model lay in the
range 1.4oCmo1.6 (Fig. 4) while the solid box showed a
wider range 1.5oCmo1.9. For comparison purposes, a
simple linear diffraction analysis of the box yielded a value
CmE1.8. Very close to the free surface the scatter in the
data made it difficult to reach clear conclusions, apart from
observing fluctuating values of Cm between 1.2 and 1.9 for
both ROV and box; this, of course, is a scenario where the
results of most classical approaches become invalid, or at
least suspect.
The present study did not consider slamming or
impulsive loading in any detail. Nevertheless, this may
occur in practice, resulting in the tether becoming slack
during deployment. Most slamming studies have focused
on the entry/exit problem where the velocity of the body is
high compared to the water particle motions, i.e., a high
frequency problem; an excellent survey is given by Green-
how and Moyo (1997). During deployment operations the
velocity of the body is often smaller than the wave-induced
velocities, except possibly when deploying from a moving
vessel with no motion compensation system. A rudimen-
tary calculation indicates that the peak net upward force
(hydrodynamic and buoyancy) may be greater when the
body is fully submerged (up to a depth of the order of the
wave height) than when it is only partially submerged
during the wave cycle, to such an extent that the tether
may indeed become slack—this was observed in some of
our experiments, even when there was no evidence of
slamming.
4. Conclusions
The following conclusions may be drawn from the
present study:
 The total (substantive) acceleration, rather than the
local value, should be used to compute the inertia-
dominated force acting on ROVs during deployment
and recovery operations. This gives reasonable force
predictions of the maximum upward force even when
used with simple linear wave theory; but fifth-order
theory does offer improvements in limiting operational
conditions. These predictions tended to over-estimate
the maximum downward force.
 Values of Cm for typical workclass ROVs lie in the range
1.4–1.6, leading to smaller hydrodynamic forces than
those based on the limited amount of published
hydrodynamic coefficients.
 ROVs (and bodies having similar buoyancy modules)
experience a net upward hydrodynamic force near the
free surface; this may be quantified by the present theory
and often is large enough to cause the tether to become
slack; this may be avoided by the existing practice of
using a cursor weight.
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Fig. 4. Estimates of Cm with top of ROV model located 0.225m beneath
undisturbed water level.
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